Abstract. , whereas decomposition of 2-10 went through two dissociation pathways in which path A generates a variety of molybdate fragments via breaking the Mo-N bond followed by the cleavages of the multiple Mo-O bonds, whereas path B produces a range of molybdate fragments with arylimido group via breaking the multiple Mo-O bonds on POM framework. Moreover, the presences of mixed-oxidation-state molybdate fragments are characteristic for the fragmentation. The gas-phase stability order obtained by energy-variable collision-induced dissociation (CID) experiment reveals that 2-10 are generally less stable than 1 and substitution on the benzene ring exerts a considerable effect on the stabilization of the hybrid clusters.
Introduction P olyoxometalates (POMs) are metal oxide clusters of early transition metals (Mo, W, V, Nb, Ta, etc.) that are typically observed in their highest oxidation states. POMs present unique structural and electronic properties that make them attractive for applications in many fields [1, 2] . Surface modification of POMs by covalent bonds via replacing/derivatizing the oxo ligands to develop POM-based inorganic/organic hybrid materials has attracted increasing attention because the covalent bond improves the stability of the hybrid assemblies and might enhance the interaction between the inorganic and organic components. These covalently functionalized POMs not only enrich POM structures but also diversify its properties for various applications [3] [4] [5] .
Organoimido derivatives of the hexamolybdate ion, [Mo 6 O 19 ] 2− , where the six terminal oxygen ligands in the hexamolybdate anion can be partially or completely replaced with arylimido ligands to give rise to polysubstituted derivatives with the general formula (TBA) 2 [Mo 6 O (19−x) (NAr) x ] (x = 1-6; TBA + = (n-C 4 H 9 ) 4 N + , Ar = alkylbenzene), have drawn particular attention in recent years due to their unique structural feature, containing a delocalized π system onto POMs. The arylimido derivatives of POMs with a remote organic functional group can be utilized as building blocks to construct more complicated and interesting POM-organic hybrids.
Although a great number of organo-functionized POMs has been successfully synthesized so far [6] [7] [8] [9] [10] , a systematic study of the gas-phase fragmentation of these organic/inorganic hybrid clusters has yet to appear. Fragmentation reflects the intrinsic structural feature where no solvent effect exists and provides insight into the favored decomposition pathways of gas-phase clusters. Fragmentation of the bare polyoxoanions including [W 6 3− (n = 0-12), and a series of polyoxovanadates [11] [12] [13] [14] [15] [16] has been examined; however, this may not necessarily represent the fragmentation behavior of organofunctionized POMs where organic compounds are covalently grafted onto POMs' framework.
Herein, we report a systematic investigation on the gas-phase fragmentation of a series of arylimido hexamolybdate derivatives with a general formulae of [Mo 6 O 18 (NC 6 H 5−n R n )] 2− (R = CH 3 , i-C 3 H 7 , OCH 3 , NO 2 ; n = 1 or 2) and the gas-phase stability study with an aim to probe the substitution effect on the stability of whole clusters. The Bbare^hybrid POMs without the presence of other cations such as H + or TBA + were chosen for fragmentation and stability studies. Trends in the fragmentation pathways observed are described. The results are useful in defining further the scope of ESI-MS and CID in the characterization of POM-based organic/ inorganic hybrid clusters. To the best of our knowledge, this was the first systematic study on the organo-functionalized POMs.
Experimental

Synthesis
Lindqvist POM 1 and its organoimido derivatives 2-10 were synthesized according to the literatures [17, 18] , respectively.
ESI-MS Experiments
All electrospray ionization mass spectrometry (ESI-MS) measurements were performed on an Agilent 6520 Q-TOF LC/MS mass spectrometer, equipped with a quadropole and a time-offlight (Q/TOF) mass analyzers for MS analysis. Solutions of 1-10 were prepared by dissolving in HPLC grade CH 3 . The dual-spray electrospray ionization source condition was as follows: V cap , 3500 V; skimmer, 65 V; OCT R f V, 750 V; drying and nebulizer gas, N 2 ; nebulizer, 30 psi; drying gas flow, 10 L min
; drying gas temperature, 300°C; fragmentor, 80 V; scan range acquired 100-3000 m/z; injection volume, 0.2 μL. Collision-induced dissociation (CID) experiments were performed using N 2 as the target gas. The desired double-charged cluster was isolated and subjected to energyvariable CID in which the applied collision energy was raised incrementally. Plots of relative abundance of the parent ion versus applied collision energy were generated with OriginPro 8 SR0 (Microcal Software, Inc., Northampton, MA, USA) to determine E 1/2 values, which was used as a criterion to evaluate the relative stabilities of the clusters in the gas phase. The dissociation curves were measured in triplicate for each cluster. All data were collected and processed using MassHunter (Agilent Technologies (China) Co., Ltd.) workstation software.
Results and Discussion
The structures of [Mo 6 O 19 ] 2− (1) and its organoimido derivatives (2-10) were listed in Fig. 1 . The negative-ion ESI mass spectra of (10)). The E 1/2 values for 1-10 were listed in the last column; those corrected for degrees-of-freedom were given in parentheses. Color scheme: Mo = teal, N = blue, C = gray, H= dark gray, O = red relationship with the as-formed amine radical; (2) the fact that no discrete [Mo 6 O 19 ] 2-• fragment via breaking the Mo-N bond in the CID spectra (even when lowering the collision energy to the threshold value where the fragments were just discernible, Fig. S2 [20] , respectively. Another important finding in the dissociation study is the presence of molybdate fragments with arylimido group R via breaking the multiple Mo-O bonds on POM framework (path B), manifesting the fact that the Mo-N bond was strengthened via effectively extend the d-π conjugation with the use of substitution effect. The electron withdrawing group such as NO 2 in para position (9) 2− (m/z 355.7969). Finally, the gas-phase relative stabilities of 2-10 versus 1 were evaluated via the E 1/2 values (defined as the point at which half of the isolated parent ion had dissociated), which were derived from the plots of relative abundance of the parent ion versus applied collisional energy [21, 22] . In the last column of Fig. 1 , all the E 1/2 values in parentheses are adjusted for the degrees of freedom [23] relative to one selected standard, the [Mo 6 O 18 (NC 6 H 3 -p-(OCH 3 ))] 2− (7), chosen because all the E 1/2 values for the other derivatives are higher than this benchmark value. From a structural point of view, the stability of 2-10 is essentially determined by the Mo-N bond strength, the only linkage that connects the inorganic and organic segments. Thus, any factors that lessen the Mo-N bond strength will definitely decrease the stability of the molecule as a whole and vice versa since the whole molecule is a large, extended conjugated system resulting from strong d-π interactions. The relative stability decreases in the order of R = p-NO 2 (9) 
. Obviously, substitution effect on the benzene ring plays an important role in the stabilization. p-NO 2 group (electron-withdrawing group) in compound 9 has the best stabilization effect whereas p-OCH 3 (electron-donating group) in the compound 7 influences the stability in the opposite direction. This result may be explained as the fact that the p-NO 2 group can greatly decrease the electron density on the N atom in the Mo-N bond, thus making Mo-N bond less polar and more stable. As for R = o-NO 2 (10) and o-OCH 3 (8) , the O atoms in the nitro and methoxy groups can partially interact with Mo atom in the adjacent Mo-N bond through space to form five-and six-membered rings (Fig. S3 in  the supporting information) , respectively, which further increase the charge density on the imido-bearing Mo atom, thus demonstrating the least stabilization effect. The alkyl groups (R = p-i-C 3 H 7 (5), CH 3 (3, 4) , and H (2)) as weak electrondonating groups exert minimal impact on molecular stability except for R = o-(i-C 3 H 7 ) 2 (6) where two bulky i-C 3 H 7 groups in the adjacent position of aniline block the d-π conjugation between the benzene ring and POM, thus making it less stable than 2-5. In a word, when the organoimido moiety was introduced onto the framework of [Mo 6 O 19 ] 2− as a covalent bond, the stability of the resultant arylimido-functionalized POM was determined by the substitution effect on benzene ring.
Conclusion
A series of arylimido-functionalized POMs (2-10) versus the parent species [Mo 6 O 19 ] 2− (1) was systematically studied by electrospray tandem mass spectrometry. The ESI-MS mass spectra show that 1-10 can maintain their structural integrity in solution. The gas-phase fragmentations of 2-10 display distinctive fragmentation pattern from 1, suggesting that their structural features are different. , whereas decomposition of 2-10 went through two dissociation pathways in which path A generates a variety of molybdate fragments with breaking the Mo-N bond followed by the cleavages of the multiple Mo-O bonds, whereas path B produces a range of molybdate fragments with arylimido group via solely breaking the multiple Mo-O bonds on POM framework. The existence of mixed valence molybdate fragments suggests that Mo +6 is readily reduced in the presence of strong reducing agents. The gas-phase stability order of R = p-NO 2 (9) > H (2) > p-CH 3 (3) > p-i-C 3 H 7 (5) > o-(CH 3 ) 2 (4) > o-NO 2 (10) > o-OCH 3 (8) > o-(i-C 3 H 7 ) 2 (6) > p-OCH 3 (7) reveals that substitution effect on the benzene ring plays an important role in stabilizing the whole hybrid clusters.
